([Ca2+];) are important for the regulation of many differ ent cellular functions (1) (2) (3) . Digital video imaging of fluorescence from intracellular indicators has allowed us to measure [Ca 21] i in many cells simultaneously and resolve frequently oscillating changes of [Ca 21 ]i in each cell (4, 5) . It has been suspected for a long time that [Ca 2+]; oscillations occur in electrically excitable cells. However, using this technique, [Ca 21 ]i oscillations in duced by hormones, growth factors, or neurotransmitters have been observed not only in excitable cells but also in nonexcitable cells (6, 7) . In several cell types spontaneous [Ca 21 ]i oscillations have also been observed (8) (9) (10) .
The [Ca 21]i oscillations fall into two main categories, depending on whether they originate from the calcium influx (membrane oscillators) or from calcium release from internal stores (cytosolic oscillators) (6) . Membrane oscillators depend on the opening and closing of voltage sensitive Ca 21 channels in the plasma membrane which are driven by membrane potential fluctuations. Cytosolic oscillators are frequently associated with stimuli that act through the phosphoinositide signaling pathway, and they probably reflect the complex feedback interactions responsible for regulating intracellular calcium. The cel lular basis of the cytosolic oscillators is still unclear, although some models have been proposed (6, 11, 12) . At present, the [Ca 21]i oscillations in electrically excitable cells are considered to be mainly due to the membrane os cillators. On the other hand, in nonexcitable cells, cytosol ic oscillators are thought to play main parts in the [Ca 21]i oscillations. However, phosphatidyl-inositol 4,5-bisphos phate breakdown to IP3 is presumed to oscillate along with [Ca 21 ]i in some cell types, and an influx of external Ca 21 is also needed to maintain sustained [Ca 211i oscilla tions in many cell types (6, 12) , suggesting that the mechanism of the [Ca 21j oscillations differ depending on cell types.
In the present study, we cultured cells from ileum lon gitudinal muscle and measured the changes in [ Fura-2 loading of cells Fura-2 loading was started by adding 7.5 iil of fura 2/AM solution (1 mM in dimethylsulfoxide) to 3 ml of the culture medium. Loading was carried out for 60 min at 37 C under 95% air-5% CO2. After loading, the coverslips were rinsed several times with Tyrode-Hepes solution without the dye.
Measurement of [Ca2+J;
After washing, the coverslips were mounted in an ex perimental chamber which fits upon the stage of a Nikon Diaphoto TMD inverted fluorescence microscope (Tokyo). Fura-2 fluorescence images were obtained at alternating excitation wavelengths of 350 and 385 nm through a 410 nm dichroic reflector and BA492 IF filter, and collected by a Hamamatsu Photonics C2400-87 intensified CCD camera (Hamamatsu), and processed by a Hamamatsu Photonics ARGUS-50 image analyzer. The images collect ed for each wavelength of excitation (32 frames each) were averaged and corrected for background fluores cence. The 350 nm/385 nm ratio was calculated on a pixel-by-pixel basis and converted to [Ca 2+]; by using a calibration curve obtained with the same equipment using fura-2-containing ethylene glycol-bis((3-aminoethyl ether) N, N, N; N tetraacetic acid (EGTA)-Ca 2+ buffers (0 1351 nM Ca 2+). The mean [Ca 21]i for each individual cell was obtained by averaging the [Ca 21]i of each pixel within a rectanglar zone centered over the cell. The tem perature was kept at 321C, since intracellular fluorescence of fura-2 decreased rapidly at 371C, probably by dye leak age. The ratio images were taken every 12-13 sec, unless otherwise noted. Average data are expressed as the mean ± S.E. (Fig. 4A ) and 1.8 mM Ca 2+ (Fig. 4B ) in 14.7010 and 23.5010 of 34 cells in one microscopic field, respective ly. On the other hand, in 8.8% of the cells, the [Ca 2+]i os cillations were generated by addition of more than 3.6 mM Ca 2+ to the cells (Fig. 4D) . (Fig. 6B) , sug gesting that the effect of KC1-substitution is not due to the membrane depolarization but also the decrease of Na+ Ca2+ exchange resulting from the decrease of the gradient of Na+ concentration between the cytoplasm and the ex tracellular solution. 
Role of intracellular Cat + pools in the spontaneous [Ca2+], oscillations
We examined whether the function of intracellular Ca' pools is associated with the spontaneous [Ca 2+]i os cillations by using thapsigargin, an inhibitor of the endo plasmic reticulum Ca t+-ATPase pump (13, 14) . Figure  7A Thapsigargin is considered to empty the intracellular calcium pool released by IP3 (15) , although it also seemed to empty the other intracellular calcium pool (16) . We therefore investigated the effects of neomycin, a com pound known to inhibit phosphoinositide turnover (17) . As shown in Fig. 7B We next determined whether the mechanism of Ca 2+-in duced Ca 2+ release from the intracellular Ca2+ pools is related to the spontaneous [Ca 211i oscillations by using caffeine (18, 19) and ryanodine (20, 21) In addition, from the results that the effect of K+-depolarization on the oscillations was almost the same as that of the choline-substitution of Na+, there is a possibility that voltage-dependent Ca 2+ channels did not function sufficiently in the growing longitudinal mus cle cells as well as in the cultured vascular smooth muscle cells (24) .
In many cell types, thapsigargin inhibits agonist-in duced Ca 2+ responses; and this effect is explained by the depletion of Ca 2+ in the intracellular stores following the inhibition of Ca 2+-ATPase (15, 22) . On the other hand, in rat parotid acinar cells, the depletion of Ca 2+ from the IP3-sensitive pool by thapsigargin enhances plasma mem brane Ca 21 permeability and triggers sustained [Ca 21]i os cillations (25) . In the present study, thapsigargin inhibit ed the spontaneous [Ca 2+]i oscillations in the cultured lon gitudinal muscle cells. Thapsigargin induced a [Ca 2+]i transient followed by a plateau that is slightly higher than the normal baseline levels. Therefore, there was a possibil ity that the increase in the baseline level of [Ca 2+]i sup pressed the [Ca 2+1i oscillations by disrupting the feedback mechanism in the oscillations. However, the increase was only less than 30 nM. Thus the other possibility that the spontaneous [Ca 2+]; oscillations were suppressed by the depletion of Ca 2+ from intracellular Ca2+ pools that con tain a thapsigargin-sensitive Ca 21 pump is thought to be more reasonable. At present, we can not conclude whe ther the thapsigargin-sensitive Ca 2+ pumping pools which play an important role in generating the [Ca 2+]i oscilla tions is the same as the IP3-sensitive Ca 2+ stores, but the inhibitory effect of neomycin on the generation of the spontaneous [Ca 2+]; oscillations support the involvement of the IP3-sensitive Ca 2+ pools in the mechanism of the spontaneous [Ca 2+]i oscillations.
Berridge and Galione (6) have proposed the second messenger-controlled model of Ca 2+ oscillations based on the existence of two releasable pools of calcium, which are the IP3-releasable pools and Ca2+-releasable pools. To investigate the participation of Ca 2+-releasable pools on the mechanism of the spontaneous [Ca 2+]; oscillations, we also examined the effects of caffeine and ryanodine, known modulators of Ca2+-induced Ca 2+ release. It has been demonstrated that spontaneous [Ca 2+]i fluctuation in rat chromaffin cells arise from Ca 2+-induced Ca 2+ re lease from the results that caffeine increased the fluctua tion frequency or induced a rapid [Ca 2+]; transient fol lowed by a plateau and ryanodine induced a progressive increase of the fluctuation duration followed by a high noisy plateau (26) . In the present study, caffeine inhibited the spontaneous [Ca 2+]i oscillations, but did not induce any transient increase in [Ca 2+1i, suggesting the release of Ca 2+ from the store sites. Ryanodine did not have any effect on the [Ca 2+]i oscillations. These effects are differ ent from those in rat chromaffin cells (26) . The results suggested that typical Ca 2+-induced Ca 2+ release mecha nisms (18) were not related to the spontaneous [Ca 2+]i oscillations in the cultured longitudinal muscle cells, although at present, we can not deny the possibility that the properties of the Ca2+-induced Ca 2+ release mecha nisms are changed during the culturing of the cells. Fur ther studies are required to elucidate the mechanisms of Ca 2+ release from intracellular pools in the spontaneous [Ca 2+]i oscillations.
From the above discussion, it is concluded that Ca 2+ re lease from the intracellular Ca 2+ pools is responsible for the spontaneous [Ca 21]i oscillations. However, we also found that the generation of the oscillations was highly de pendent on the presence of extracellular Ca2+. The results suggest that the large part of the Cat+, which is taken up into the intracellular Ca 21 pools again after each Ca 21 spike in the [Ca 21]i oscillations, is coming from outside of the cells through any mechanism such as the conforma tional coupling model proposed by Berridge (11, 27) .
What is the physiological role of the spontaneous [Ca 21]i oscillation? There is a possibility that the oscilla tions are related to the spontaneous rhythms of electrical and mechanical activity in ileal smooth muscle. Based on the period duration and time course of the different com ponents of spontaneous activity, smooth muscle rhythms were classified as follows: spikes, second-rhythm, minute rhythm and hour-rhythm (28) . In guinea pig taenia coli, verapamil decreased the frequency of the spike discharges and second-rhythm in electrical and mechanical activity, but the frequency of minute-rhythm remained almost un changed (29 (30) reported that in primed competent BALB/c3T3 cells, oscillations of [Ca t+]i was induced by the stimulation of insulin-like growth factor I, followed by meiosis. In addition, it has been suggested that empty ing of Ca 21 from the intracellular thapsigargin-sensi tive Ca2+-pumping pools induced profound alteration of cell proliferation (31) . Therefore, the spontaneous [Ca 2+]i oscillations found in the present investigation may be also related to cell growth. Further studies are required to elucidate what the function of the spontaneous [Ca 21]i oscillations is in the cultured longitudinal muscle cells.
